Many marine invertebrates have planktonic larval stages before they metamorphose into adult forms. Larvae search for and select substrates where they are going to settle and develop.1) They are thought to recognize environmental cues on the surface of substratum. Gregarious settlement, that is well known in barnacles, may be caused by recogni tion of conspecifics by larvae.2) Evidence of chemical cues for larval settlement and metamorphosis has been found in several species,2,3) although the chemical structures of natural inducers are known only in a few species.3) Some sessile and non-sessile sedentary polychaetes also exhibit gregarious settlement.4-10) In the sabellariid species, Phragmatopoma californica,11,12) a few kinds of specific free fatty acids were identified as the chemical inducers for larval settlement and metamorphosis.
Some serpulid polychaetes exhibit gregarious settle ment7-9) and build up tube clumps on the submerged marine surfaces. During our search for chemical cues that induce larval metamorphosis in the adult tube extracts of serpulid polychaetes, we tested 8 neuroactive molecules for their ability to induce larval metamorphosis. Neuroac tive molecules, such as L-3,4-dihydroxyphenylalanine (L DOPA) have been known to induce larval metamorphosis in some molluscans13) and sabellariid polychaetesl4} and are thought to act on receptors in the internal nervous system.15) Comparison of the action of exogenous chemical cues and these endogenous neuroactive molecules will pro vide a better understanding of the mechanisms of larval metamorphosis. This paper reports the induction of larval metamorphosis in serpulid polychaetes by L-/D-DOPA and catecholamines and demonstrates the dose-dependence of larval metamorphosis against L-/D-DOPA. Metamorphosed larvae exhibited different shape and behavior from those of active swimming nectochaetal larvae . The trochal ciliary band regressed and as a result, larvae ceased to swim and sank to the bottom of the beakers. The anterior region of larvae metamorphosed into branchial rudiments and the collar and thoracic membrane became flap-like at the side of the body. Although induction of larval metamorphosis by L-DOPA was consistent , the for mation of calcific tube that is observed at larval settlement in nature was observed only in a few cases . In this study, larvae that raised branchial rudiments were counted as metamorphosed individuals.
In Dose-Dependent Metamorphosis Induction by DOPA Figure IA shows the effect of L-/D-DOPA on the larval metamorphosis in H. ezoensis. The plots of metamorphosis 
Ineffectiveness of Dopamine on Larval Metamorphosis
In the screening test, dopamine did not induce larval metamorphosis in the three species. Precise observations revealed that dopamine induced metamorphosis at a lower percentage (see Fig. 2A for H. ezoensis and Fig. 2B for P. kraussii. Metamorphosis rates induced by dopamine were 1-3% in H. ezoensis and 3-8% in P. kraussii. These values were much lower than those for L-DOPA. At lower con centrations, dopamine caused larval crawling, and in almost all cases higher concentrations caused larval mortality. Effect of Larval Age on Metamorphosis Figure 3A shows the changes in developmental stages of H ezoensis with larval age after fertilization.
Three days after fertilization, about half of the larvae grew into meta trochophore.
On the 4th day, about 20% of the larvae developed into the nectochaetal stage and more than half of the larvae became nectochaetal larvae on the 5th day. Figure 3B indicates the changes in metamorphosis rate in duced by L-DOPA. Assayed larvae on the 3rd day were metatrochophore and the larvae on the 4th and the 5th days were in the metatrochophore and nectochaetal stages. Metatrochophore or early nectochaetal larvae on the 4th day did not metamorphose.
Larval metamorphosis induced by L-DOPA was first observed on the 5th day. The meta morphosis rate reached its first peak on the 5-6th day and decreased on the 7-8th day. On the 9-11th day, there seem ed to be a second peak of metamorphosis rate. 
Discussion
In H. ezoensis and P. kraussii, L-/D-DOPA, epinephrine, and norepinephrine induced larval metamorphosis, while dopamine did not. In F. enigmaticus, metamorphosis in duction by L-/D-DOPA and ineffectiveness of dopamine were consistent with those for H. ezoensis and P. kraussii (Tables 1-3 ). Based on these observations, the mechanisms of metamorphosis within these three species of serpulid polychaetes were presumed to be similar.
Results were qualitatively consistent but varied quantita tively between larval age or culture batch. In larval meta morphosis of H. ezoensis by L-DOPA, for example , stan dard errors were 10-42% of the mean (Fig. IA) . A possible explanation for this variation is larval age. As shown in Fig. 3B , metamorphosis rate on the 8th day was lower than on the 9th day on average. Another possibility for quanti tative variation is differences in the batch of larvae. In a fast growing batch of larvae, more than 80% of the larvae became nectochaetal larvae in 5 days after fertilization, while in a retarded batch, less than 40% of the larvae reached the nectochaetal larvae on the same day. As larvae were assayed 8 and 9 days after fertilization, the number of days elapsed after larvae grew into the nectochaetal stage was different between the fast growing batch and the retarded batch.
L-DOPA is known to induce larval metamorphosis in several species of bivalves 13,15,21-23) and sabellariid poly chaete. t 41 In the Pacific sand dollar, Dendraster excentricus, either dopamine or L-DOPA is thought to act as a chemical messenger during the induction of larval metamorphosis. 24) In sabellariid polychaete Phragmatopoma californica, Jensen and Morse25) suggested 2,6-di-tert-butyl-4-methylphenol (DBMP), a possible aromatic analog of cross-linked DOPA might interact with epithelial chemoreceptors and trigger metamorphosis. However, as criticized by Pawlik,141 be cause of the delay in induction of metamorphosis by L-DOPA and the low structural similarity of L-DOPA with that of natural inducer (free fatty acids such as palmitoleic acid and eicosapentaenoic acid), L-DOPA is thought to act not on the epithelial chemoreceptor. Sigmoid plots of metamorphosis rate against the loga rithm of concentration of L-/D-DOPA are almost similar to the curve of neuroreceptor mediate response and the loga rithm of concentration of agonist.26) It seems likely that larval metamorphosis in H. ezoensis induced by L-DOPA is a receptor mediated response because of (1) the fact that L-DOPA is a precursor of neurotransmitter dopamine, (2) low activity of the enantiomer, and (3) sigmoid plots of metamorphosis rate against the logarithm of dose of DOPA. The mediation of dopamine receptor remains unknown be cause dopamine did not induce larval metamorphosis. The ineffectiveness of dopamine, however, does not imply that dopamine is irrelevant to larval metamorphosis, because different access of exogenous DOPA and dopamine to rele vant pathways are known such as in the mammalian blood/ brain barrier. In the Pacific oyster, Crassostrea gigas, while exogenously applied dopamine did not induce larval meta morphosis, L-DOPA was converted to dopamine internally, acted on the dopamine receptor and triggered larval meta morphosis. 271 The case for serpulid polychaete larvae is not known and requires further study. Further studies using various agonists and antagonists will be undertaken in the near future.
